Summary: The high iron diamine (HID) staining procedure was combined with alcian blue pH 2.5 (AB2.5) and periodic acid-Schiff (PAS) methods for the simultaneous demonstration of carbohydrates containing sulfate esters, carboxyl groups and oxidizable vicinal diols, whereas it was sequentially employed with PAS alone to differentiate sulfate esters from oxidizable vicinal diols. A variety of rat tissues and the epidermis of four fish species were utilized to test the specificity or selectivity of these methods. The HID-AB2.5-PAS sequence largely coloured carbohydrates containing sulfate esters, carboxyl groups and oxidizable vicinal diols in brownish black, turquoise and magenta shades respectively. The HID-PAS sequence coloured sulfate esters brownish black and oxidizable vicinal diols magenta. On the basis of the experimental and control studies on the both staining techniques, these staining methods could be postulated to represent efficient and useful techniques for precise histochemical analyses and simultaneous differentiations of a variety of carbohydrates in light microscopy.
The histochemical methods for the detection of carbohydrates have undergone a great deal of progresses, since the original periodic acid-Schiff (PAS) technique was first introduced by McManus (1948) . The subsequent availability of cationic dyes such as alcian blue (AB) (Steedman, 1950) and iron diamine (Spicer, 1965) has played a significant role in the light microscopic visualization of acidic carbohydrates.
The reactivity with PAS and lack of affinity towards cationic dyes have been interpreted to reveal the presence of neutral carbohydrates (Spicer and Schulte, 1992) . When applied in a solution at pH 2.5, AB has been found to stain carbohydrates involving both sulfated and carboxyl groups (Mowry, 1956 ). The realization that AB at pH below 2.0 shows affinity towards carbohydrates containing sulfate esters but not towards weakly acidic carboxyl groups was exploited by Lev and Spicer (1964) . Thus, these authors employed AB at pH 1.0 for the specific detection of sulfate esters involved in carbohydrates in tissues. Further, the selective visualization of carbohydrates containing sulfate esters was prompted by the induction of high iron diamine (HID) method (Spicer, 1965) .
A further extension in light microscopic histochemistry of carbohydrates has been made by appropriate combinations of PAS, AB, HID techniques to establish dual staining methods for the simultaneous differentiation of a variety of groups in tissue carbohydrates. As such instances, AB2.5-PAS to distinguish acidic (both sulfate esters and nonsulfated carboxyl groups) from neutral (Mowry and Winkler, 1956 ), ABLO-PAS to differentiate sulfate esters from neutral (Spicer, 1965) and HID-AB2.5 to recognize sulfated from non-sulfated carboxylated (Spicer, 1965) carbohydrates. In the present study, the HID, AB2.5 and PAS methods were sequentially combined so as to develop a triple staining procedure, in an attempt to demonstrate simultaneously carbohydrates containing sulfate esters, non-sulfated carboxyl groups and oxidizable vicinal diols using a variety of rat tissues and in epidermis of four fresh water fish species. Further, the HID and PAS methods were used in sequential combination to differentiate carbohydrates containing sulfate esters from those involving oxidizable vicinal diols. It is envisaged that the present triple and dual staining methods could be useful for obtaining valuable informations in light microscopic analyses of carbohydrates in vertebrate tissues under a variety of physiological and patho-* Permanent address: Skin Physiology Laboratory , Department of Zoology, Banaras Hindu University, Varanasi -221 005, India. ** To whom all correspondence should be addressed .
logical conditions.
Materials and Methods

Tissues
Tissues containing carbohydrates with sulfate esters, non-sulfated carboxyls or neutral oxidizable vicinal diols were selected for the present study (Table 1) . These included tissue specimens of stomach, duodenum, colon, sublingual gland and liver of adult male Sprague-Dawley rats and skin of fish species Heteropneustes fossilis, Mastacembelus pancalus, Monopterus cuchia and Rita rita, belonging to the families Heteropneustidae, Mastacembelidae, Amphipnoidae and Bagridae of the orders Siluriformes, Perciformes, Synbranchiformes, and Siluriformes respectively (Greenwood et al. , 1966) .
Fixation, embedding and sectioning
The rats were subjected to Nembutal anaesthesia and the fishes were anaesthetised by cooling (Mittal and Whitear, 1978) and then were sacrificed. Small pieces of the tissues were fixed in Carnoy's fluid, dehydrated in an ethanol series of ascending concentrations, cleared in xylene/cedar oil and embedded in paraffin wax. To ensure uniform staining conditions for all tissue sections, the different rat tissues were embedded together in the same blocks. Skin pieces of the different fish species were, likewise, embedded together in the same blocks. Serial sections were cut at a thickness of 5 tam, mounted on ethanol cleaned glass slides without any adhesives and were kept in an oven for 10 to 20 h at 50°C to dry. Sections were deparaffinized in xylene, hydrated in an ethanol series of descending concentrations and were subjected to Gill haematoxylin-eosin (Gill et al. , 1974) staining procedure for general histological assessment, or to either of the following triple and dual histochemical staining procedures.
Staining procedures (A) HID-AB2.5-PAS staining procedure Hydrated sections were:
1. stained for 20 h in a fresh HID reagent prepared as follows: Add 50 ml of solution A (N,Ndimethyl-meta-phenylenediamine, 120 mg; N,Ndimethyl-para-phenylenediamine, 20 mg; distilled water, 50 ml) to 1.4 ml of solution B (ferric chloride, 40 g; 5% hydrochloric acid, 90 ml and distilled water to make 100 ml), 2. washed in running tap water for 20 min and then rinsed 3 times in distilled water, 3. stained with 1% alcian blue 8GX in 3% acetic acid at pH 2.5 for 30 min, 4 . washed in distilled water, 3 changes of 2 min each, 5. oxidised in 1% aqueous periodic acid for 10 min, 6. washed in running tap water for 5 min and then rinsed 3 times in distilled water, 7. immersed in Schiff's reagent for 10 min. To prepare Schiff's reagent, 1 g pararosaniline was dissolved in 200 ml of boiling distilled water, cooled to 60°C and filtered. One g of sodium metabisulfite (= sodium pyrosulfite) and 20 ml of 1 N hydrochloric acid was added to the filtrate. The solution was tightly stoppered and kept in dark at room temperature (20°C) for 24 h. Three hundred mg of activated charcoal was added and the solution was shaken vigorously for 1 min, filtered and stored in dark at 4°C. The solution was brought to room temperature immediately prior to use. 8. washed in 0.5% sodium metabisulfite aqueous solution, 3 changes of 3 min each, 9. washed in running tap water for 10 min, 10. dehydrated in an ethanol series of ascending concentrations, 11. cleared in xylene and mounted in HSR (Harleco Synthetic Resin). All the above steps were performed at room temperature (approx. 20°C).
(B) HID-PAS staining procedure In this procedure each step was same as that in the HID-AB2.5-PAS procedure except that the steps 3 and 4 were omitted.
Control staining procedures
To test the specificities of both the HID-AB2.5-PAS and HID-PAS procedures, some tissue sections were stained individually with single PAS, AB2.5 and HID methods. Prior to the HID-AB2.5-PAS or HID-PAS procedure, other sections were subjected to chemical modification techniques or digestion with a-amylase (Murata et al. , 1985) as well. The chemical modification techniques,included active methylation, saponification, acetylation, deacetylation and appropriate combinations of these modifications (Lillie and Fullmer, 1976 ).
Sources of chemicals and stains
Chemicals and stains used in the present study were obtained as follows: Alcian blue 8GX (Imperial Chemical Industries Ltd, U. K.); N,Ndimethyl-meta-phenylenediamine , N,N-dimethylpara-phenylenediamine and pararosaniline (Sigma Chemical Co., U.S.A.); a-amylase (Seikagaku Kogyo Co., Japan) and all other chemicals (Katayama Chemical Co., Japan). 
Results
The results obtained with the HID-AB2.5-PAS staining procedure With this triple staining method, histologic structures containing different varieties of carbohydrates (Table 1) were visualized in shades of apparent contrasts. In the rat tissues, carbohydrates involving oxidizable vicinal diols in most surface mucous cells in the superficial parts of the foveolae (Fig. 1) and the mucous neck cells in the stomach and the liver cells (Fig. 2) were coloured in magenta shades; those containing non-sulfated carboxyls in the cardiac gland cells in the stomach (Fig. 3) , mucous cells in the descending colon (Fig. 4) and acinar cells in the sublingual gland (Fig. 5) , were stained turquoise. In the fish tissues, carbohydrates involving sulfate esters in the type A mucous cells in the epidermis of Mastacembelus pancalus (Fig. 6 ) and Monoprerus cuchia were coloured brownish black.
The presence of more than one category of carbohydrates at one and the same histologic sites was found to show combinations of different shades. In certain histologic structures, carbohydrates involving the majority of sulfate esters and small amounts of oxidizable vicinal diols as well were coloured brownish black with a magenta tinge. In the rat tissues, such structures included surface mucous cells in deeper parts of the foveolae in the stomach (Fig. 1) and some goblet cells in the duodenum. In the fish epidermis, such reactions were obtained in the superficial layer epithelial cells of Heteropneustes fiossilis (Fig. 7) .
In histologic structures such as some surface mucous cells in the superficial parts of the gastric foveolae, carbohydrates predominated by oxidizable vicinal diols with traces of sulfate esters were coloured magenta with a brownish black tinge (Fig. 1) .
The histologic structures containing carbohydrates with non-sulfated carboxyls and oxidizable vicinal diols as well were stained in various shades of purple to deep blue. In the rat, these structures included goblet cells deep in crypts in the ascending colon (Fig. 8) , most goblet cells in the duodenum and some goblet cells upper in crypts in the ascending colon. In the fish epidermis, such reactions were detected in the type A (Fig. 7) and some type B mucous cells in Heteropneustes fossilis and in some type A mucous cells in Rita rita (Fig. 9) .
The histologic structures containing three categories of carbohydrates such as those involving sulfate esters, non-sulfated carboxyls and oxidizable vicinal diols were, however, coloured brownish black with a magenta tinge. In the rat, these structures included most goblet cells upper in crypts in the ascending colon (Fig. 8 ) and goblet cells in the descending colon (Fig. 4) . In the fish epidermis, such reactions were obtained in the type C mucous cells in Mastacembelus panacalus (Fig. 6 ) and the type A and B mucous cells in Monopterus cuchia and the type B mucous cells in Rita rita (Fig. 9) .
The results obtained with the control staining procedures for the HID-AB2.5-PAS staining method (i) Single staining procedures. In tissue sections stained with the single procedures of the HID-AB2.5-PAS sequence, carbohydrates in comparable sites revealed magenta shades of reactions with the PAS, those involving sulfate esters and/or nonsulfated carboxyls were coloured turquoise with the AB2.5 and those containing sulfated esters were tinged in brownish black shades with the HID.
(ii) Chemical modification procedures. The brownish black, turquoise and purple reactions obtained with the HID-AB2.5-PAS sequence were abolished in tissue sections subjected to prior active methylation (Fig. 10) . Active methylation and subsequent saponification prior to the HID-AB2.5-PAS sequence exhibited partial restorations of turquoise/purple reactions in the goblet cells of the duodenum and ascending colon (Fig. 11) in the rat. The brownish black reactions obtained in tissue sections with HID-AB2.5-PAS sequence were, however, not restored at all (Fig. 11) . The magenta reactions visualised with the HID-AB2.5-PAS sequence were blocked in tissue sections subjected to prior acetylation. Acetylation and subsequent deacetylation partially restored the magenta reactions in most tissues. The magenta reaction due to glycogen in liver cells, obtained by the triple staining procedure, was abolished by digestion with a-amylase. Such a reaction was, however, resistant to the enzyme digestion in all the histologic structures containing glycoproteins.
The results obtained with the HID-PAS staining procedure
In both the rat and fish tissues, the HID-PAS staining behaviours of the histologic structures containing carbohydrates with sulfate esters and those with oxidizable vicinal diols were similar to those obtained with the HID-AB2.5-PAS sequence (Fig. 12) . In the histologic structures containing carbohydrates with vicinal diols and non-sulfated carboxyl groups, in general, were stained magenta by this dual staining method and were not differentiated from those with oxidizable vicinal diols only.
The results obtained with the control staining procedures for the HID-PAS staining method
The results obtained with either of the single staining procedures (HID or PAS) were similar to those performed for the triple staining procedures. Likewise, the results obtained with the chemical modifications or a-amylase digestion prior to the HID-PAS method were comparable to those described above for the identical control staining procedures for the HID-AB2.5-PAS sequence.
Discussion
In the present study, the HID-AB2.5-PAS procedure was utilized successfully to demonstrate the light microscopic localization of carbohydrates involving sulfate esters, non-sulfated carboxyls and oxidizable vicinal diols. In addition, the HID-PAS procedure was derived so as to differentiate carbohydrates containing sulfate esters from those involving oxidizable vicinal diols.
The HID-AB2.5-PAS sequence, a combined triple dye staining method offers an advantage over previously reported conventional single dye procedures, PAS (McManus, 1948) , AB at different pH (Spicer et al. , 1967) and HID (Spicer, 1965) and dual staining methods such as AB2.5-PAS (Mowry and Winkler, 1956 ) and HID-AB2.5 (Spicer, 1965) , in its capability to localize a variety of carbohydrates in one and the same tissue section. Such an advantage can amply be substantiated, in the present study, by the results obtained in various tissues of the rat and fish. In the histologic structures of various tissues of the rat, different carbohydrate moieties such as sulfate esters, non-sulfated carboxyls and oxidizable vicinal diols can be differentiated in contrast shades such as brownish black, turquoise, magenta, purple or brownish black with magenta tinge. In addition, the results obtained in various histologic structures of the fish epidermis are in keeping with those obtained in the rat tissues.
In the histologic structures stained with the present triple staining method, carbohydrates containing non-sulfated carboxyls together with large amounts of sulfate esters in the same site fail, however, to exhibit turquoise shade. The lack of turquoise reactions-with the HID-AB2.5 method at the same site known to contain both 0-sulfate esters and sialic acids was recognised previously by Reid et al. (1985) and McFadden et al. (1985) as well. It could be possible that the turquoise reactions in such sites are masked by brownish black reaction products produced by sulfate esters of carbohydrates, as suggested by Reid et al. (1989) , when they examined the specificity of HID-AB2.5 procedure.
In light microscopy, the AB pH 1.0-PAS method (Spicer, 1965) has been used to differentiate carbohydrates involving sulfate esters from those containing oxidizable vicinal diols. In this dual staining method, however, the images obtained by turquoise reaction products appeared frequently vague in contour. The HID-PAS procedure derived in the present study is found to overcome such limitations and represents a better differentiation and high contrast of brownish black stained sulfate esters and magenta coloured oxidizable vicinal diols in carbohydrates in both the rat and fish tissues.
Taken altogether, the present triple (HID-AB2.5-PAS) and dual (HID-PAS) staining methods can be postulated to represent precise and reliable techniques for the histochemical differentiation and simultaneous demonstration of a variety of radicals in carbohydrates in light microscopy. It is envisaged that the applications of these techniques to a variety of vertebrate tissues for the characterization of carbohydrates at different sites could provide precise microscopic images and prove helpful for comparative histochemical studies in general.
